We developed a sequential injection analysis (SIA) method for the determination of iron in coastal, ground, and surface fresh waters using two different reagents (ferrozine and 1,10-phenathroline). The methodology uses a double-line SIA system to improve mixing conditions between sample and reagent solutions. A liquid waveguide capillary cell (LWCC) with 1.0 m pathlength, 550 µm i.d., and 250 µL internal volume was used to enhance the sensitivity of the determination. The detection limits for the ferrozine and 1,10-phenanthroline reagent were 0.15 and 0.35 µg L -1 , respectively. The system provides a linear response up to 20 µg L -1 and has a high throughput rate (41 h -1 ), low reagent consumption, and also low effluent production for both reagents. The developed method was applied to natural waters (river, well, ground, potable, and sea waters) and one reference water sample.
Introduction
The understanding of the bioavailability and the geochemical cycling of iron in marine systems (Miller et al. 1995) has been in the focus of environmental research in the last decades. Iron is a vital constituent of plant life, where it is essential for photosynthetic and respiratory electron transport, nitrate reduction, chlorophyll synthesis, and detoxification of reactive oxygen species (Sunda and Huntsman 1995) . Being a limiting nutrient for phytoplankton growth has a consequent critical role (Coale et al. 1996) on the fixation of carbon dioxide by photosynthesis and on the CO 2 exchange between atmosphere and seawater (Watson et al. 2000) . These effects have implications on global carbon, sulfur cycles, and climate change.
Iron(II) is highly soluble in seawater but thermodynamically unstable (Achterberg et al. 2001) . It is rapidly oxidized to iron(III) in the euphotic zone by hydrogen peroxide, oxygen (Millero and Sotolongo 1989) , superoxide (O 2 -), and hydroxyl radical (OH) (Millero 1989) . Therefore, iron(III) is the dominant form of dissolved iron in surface seawater (Millero and Sotolongo 1989; Achterberg et al. 2001) ; however, only a small fraction of iron(III) occurs in a free hydrated (Fe 3+ ) form. The major fraction (80% to 99%) is strongly complexed by organic ligands (Gledhill and van den Berg 1994) , possibly produced by phytoplankton (Rue and Bruland 1997) or bacteria (Granger and Price 1999) . The fraction of iron(II) in natural waters can appear as a result of the combination of photoreductive dissolution of particulate iron(III) (hydr)oxides (Miller et al. 1995) and of inorganic iron(III) complexes (King et al. 1993 ) with thermal, enzymatic, and microbial cycling pathways (Croot et al. 2001) as well as through ocean atmospheric deposition (Zhuang et al.1992 ) and diffusion from reducing sediments (Hong and Kester 1986) . The mechanisms linked to the biological uptake of iron remain uncertain (Achterberg et al. 2001) , although recent studies have indicated that iron(III) complexed by organic ligands (siderophores and porphyrins) is available for uptake by different types of phytoplankton (Hutchins et al. 1999) . With this in mind, and to better understand the biogeochemistry of iron in waters, the acquisition of high-quality analytical data are a prerequisite.
The determination of iron in water samples is usually carried out for routine quality control, as limits are imposed by legislation on their content (Clesceri et al. 1998) . In drinking water, the European Union directive (CEU 1998 ) sets the limit of 200 µg L -1 for iron. Trace element analyses in natural and sea waters are even more demanding because of the different Sequential injection trace determination of iron in natural waters using a long-pathlength liquid core waveguide and different spectrophotometric chemistries physical, chemical, and biological processes involved (Hanrahan et al. 2002) . In the case of iron analysis in seawaters, matrix effects and low concentration levels are the main difficulties. To overcome these difficulties and to increase the sensitivity, separation and/or preconcentration of the analyte is often necessary (Lohan et al. 2005) in spectrophotometric methods.
Iron is present in many materials, causing a risk of contamination during sampling, filtration, storage, and analysis (Achterberg et al. 2001) . Flow analysis techniques with increased accuracy, precision, sample throughput (Morais et al. 2005) , reproducible sample injection, controlled dispersion of the sample zone (Segundo and Rangel 2002) , low detection limits, low reagent and sample consumption, simplified sample handing, and reduced contamination risks are suitable and attractive tools for both shipboard and in situ determinations (Lunvongsa et al. 2006) . Of the flow methods, sequential injection analysis (SIA) uses a simple, reliable, and robust manifold to perform automated wet-chemical analysis, allowing further reduced reagent and sample consumption, minimized waste production (Segundo and Rangel 2002) , and precise automatic control of reaction conditions (Ruzicka and Scampavia 1999) . In SIA systems, flow is reversed, and mutual dispersion of the stack of sample and reagent zones occurs, owing to axial and radial diffusion, although only a partial overlap of analyte and reagent zones is achieved (Segundo and Rangel 2002) . To overcome this potential difficulty, various modifications in the flow configurations have been introduced, one of which is the double-line SIA system (Morais et al. 2005) . This strategy makes use of the merging-zones approach, where good overlapping of the reagent and sample zone is achieved.
Various flow-based spectrophotometric methods have been presented for the determination of iron. A comparison of various figures of merit for the different methods can be found in Table 1 . The FIA methods with no preconcentration step (Pascual-Reguera et al. 1997 ) present a very high detection limit, whereas other FIA methods with a preconcentration step (Blain and Treguer 1995) present low detection limits but still have some disadvantages such as high reagent consumption and high effluent generation. Other existing flow approaches such as SIA (Morais et al. 2005) , multicommutated flow (Feres and Reis 2005) , and multisyringe flow injection (Gomes et al. 2005 ) present lower reagent consumption but still inadequate detection limits for natural water samples.
The objective of this work was to exploit the potential of the liquid waveguide capillary cells in a sequential injection manifold to provide sufficient sensitivity for trace iron determination with no need to introduce off-line or in-line preconcentration steps. This technology allows increasing of the pathlength in spectrophotometric measurements without light attenuation (Fuwa et al. 1984) . In optical fibers, the light undergoes total internal reflection at the walls, and not only the light-conducting path is transparent in the wavelength of interest, but the core region of the fiber also has a refractive index higher than that of the cladding material; therefore the light is trapped in the optically denser core. Since 1993, the use of Teflon AF-2400 (DuPont 127 Fluroproducts)-a polymer that is largely transparent throughout the UV and visible range, with refractive index (1.29) lower than water (1.33) -has made it possible to construct totally internally reflecting detection cells that suffer from minimal light loss by scattering in the detection cell equipment with no light dispersion. Teflon is also chemically stable and inert, allowing its universal application. Liquid waveguide capillary cells (LWCCs) are obligatorily coupled with optical fibers for bringing light in and out of the cell ). This detection cell, unlike conventional flow cells, has a low dispersion factor and less schlieren effects derived from the reduced internal volume. This technology was presented by Waterbury et al. (1997) , using a continuous flow method with a long (4.5-m) pathlength waveguide capillary cell for the determination of iron with low detection limit, although it had the same disadvantages mentioned for FIA methods. Nowadays, with all the concern and information about environmental problems, developing analytical methods with low effluent generation for a greener chemistry is crucial.
In this work, we developed a spectrophotometric SIA flow system for the determination of iron in different water matrices. For this purpose, two colorimetric reagents were tested (ferrozine and o-phenanthroline) and compared in terms of sensitivity and susceptibility to interferences when a longpathlength liquid waveguide capillary cell was used as a detection cell.
Materials and procedures
Reagents and solutions-All solutions were prepared with analytical reagent-grade chemicals and deionized water. Iron(III) stock standard solutions (100 mg L -1 ) were prepared by diluting commercial 1000 mg L -1 iron atomic absorption standards (Spectrosol) in 0.01 mol L -1 HCl solution. Working standard solutions between 2 and 20 µg L -1 in 0.01 mol L -1 HCl were prepared daily from serial dilution of stock solution. For preliminary studies, iron(II) stock standard solution (100 mg L -1 ) was prepared by dissolving ammonium iron(II) sulfate hexahydrate (Merck) in 0.05 mol L -1 HCl solution. River water certified reference material (NRC-SLRS-4) was also analyzed for the evaluation of the accuracy of the developed method as recommended by the National Research Council of Canada.
All solutions used in interference studies (Zn, Cd, Mn, Cu, Al) were prepared by diluting commercial atomic absorption standards (Spectrosol).
A 2% (wt/vol) ascorbic acid solution was prepared daily by dissolution of the solid in a 2 mol L -1 acetic acid-ammonium acetate solution, and final pH was adjusted with acetic acid to 4.2. A solution of 0.013 mol L -1 1,10-phenanthroline was also prepared in 0.05 mol L -1 HCl. Ferrozine stock solution of 0.0025 mol L -1 was prepared by dissolving 0.1231 g ferrozine (C 20 H 14 N 4 O 6 S 2 ) in 100 mL water. Apparatus-Solutions were propelled through two Gilson Minipuls 3 peristaltic pumps with PVC pumping tubes. Two electrically actuated selection valves (Valco VICI C25-3188D, 8-port, and Valco C25-3180D, 10 port) were set up as shown in Fig. 1 . The central channels of the valves were connected to the respective peristaltic pumps through the holding coils. All tubes connecting the different components of the setup were made of Omnifit PTFE with 0.8 mm i.d.
The absorbance measurements were carried out at the wavelengths of 512 and 562 nm for the detection of iron-1,10-phenathroline and iron-ferrozine complex, respectively. The detection system consisted of an Ocean Optics PC2000-ISA spectrophotometer, a pair of 200-µm fiber-optic cables, a DH-2000 deuterium-halogen light source (Top Sensor Systems), and a LWCC (2100; World Precision Instruments) (1.0 m pathlength, 250 µL inner volume, 550 µm i.d.).
A 386 personal computer (Samsung) equipped with an Advantec PCL818L interface card, running in-house software written in QuickBasic 4.5, controlled the selection valve positions and the peristaltic pump directions and speed. Data acquisition was performed by SpectraWin software version 4.2 (Top Sensor Systems) through an external trigger signal made from the Advantec PCL818L interface card.
Procedure-The manifold configuration used for the determination of iron is shown in Fig. 1 .
The determination of iron includes three steps and uses a single analytical sequence listed in Table 2 . The first step was aspiration of the sample or standard to HC 1 . At the same time, the color reagent was aspirated into In the second step, the buffer solution was drawn up to HC 1 , and at the same time, the color reagent was aspirated into HC 2 . Finally, the flow was reversed, and the HC 1 and HC 2 contents were mixed in a confluence (a, Fig. 1 ), and propelled through reaction coil (RC, Fig. 1 ) to the detector, where the change in absorbance was measured. We compared SIA results with those provided by atomic absorption spectrometry (AAS) (Perkin Elmer) with graphite furnace atomization (Clesceri et al. 1998) and Zeeman longitudinal background correction. We used 20 µL sample and 5 µL magnesium nitrate 3 g L -1 as matrix modifier per assay.
Assessment
System configuration-The primary objective of this work was the development of a sequential injection system for iron determination in waters using a liquid waveguide capillary cell, to achieve low detection/quantification levels.
To promote better mixing inside the SIA manifold between sample/standard and color reagent, the merging-zones technique was adopted (Morais et al. 2005) . In the proposed manifold, two selection valves were used, and they were connected by a confluence placed before the reaction coil. In one side, standard/sample and buffer were drawn up, and in the other side, the color reagent was aspirated. Then they were mixed in the confluence point (a), and the reaction product was propelled to the detector. This manifold configuration is based on a published work (Morais et al. 2005) .
The optimization studies included not only physical parameters such as flow rates, tube lengths, plug sizes, and sample and reagent volumes, but also chemical parameters such as reagent concentrations. The values used are summarized in Fig. 1 and Tables 2 and 5. The univariate method was used, where only one parameter was changed while others were kept constant.
Study of physical and chemical parameters-Initial studies for setting up the physical parameters of the system were carried out using the ferrozine reagent. Initially, total plug size was studied in the range 150-400 µL, but the proportion between sample/standard and color reagent was maintained (2.5:1). The best sensitivity was obtained for 350 µL total plug volume, with the volume of sample and reagent of 250 and 100 µL, respectively. The length of the reaction coil was studied in the range of 60-160 cm; 85 cm allowed higher sensitivity and therefore was adopted for further studies. Propelling flow rate was also studied in the range of 1.66-3.81 mL min -1 for pump 1 (Fig. 1 ) and in the range of 0.56-1.16 mL min -1 for pump 2 (Fig. 1) . Flow rates of 3.81 and 1.16 mL min -1 for pumps 1 and 2, respectively, were used. Although sensitivity was similar in all cases, the flow rates chosen contributed to a shorter cycle time.
We also studied the influence of some chemical variables in the performance of the system.
In the case of pH, a good compromise between total reduction of iron(III) to iron(II) and complex formation between iron(II) and color reagent must be achieved. For the complex formation with iron(II), the best sensitivity was obtained at pH 5.1 for the acetate buffer. The range studied was between 4 and 6 pH units, and for complete reduction of iron(III) to iron(II) the pH of the acetate buffer must be below 4.2 (Fernandes et al. 1995) . To achieve these conditions, a preliminary study was carried out off-line by mixing equivalent proportions of the sample and buffer solution in a beaker. The pH of the acetate buffer was set to 4.2 to maintain the pH at around 4.0 during the reduction process (sample/standards were adjusted to pH 2.0 before analysis). After the study of pH buffer, the concentration of the acetate buffer was also studied over the range of 0.01-2.5 mol L -1 . Only at the concentration of 2.0 mol L -1 was it possible to maintain pH 4.0 at the reduction process.
The ascorbic acid concentration was studied to ensure the complete reduction of iron(III) to iron(II) in the range 1.0%-4.0% (wt/vol). The minimum concentration of ascorbic acid that ensured the complete reduction of iron was 2% (wt/vol). This was proved by the similarity between the calibration curves of iron(III) and iron(II) standard solutions.
Finally, the concentrations of both color reagents were studied. In the case of 1,10-phenanthroline, concentration values between 0.013 and 0.10 mol L -1 were tested, and the sensitivity was similar in all cases. The concentration used was 0.013 mol L -1 with the aim of reducing reagent consumption. The [1,10-phenanthroline-iron] complex forms almost instantly with maximum absorption at 512 nm and produces an orange-red color. The concentration of ferrozine was studied in the range of 0.25-5 mmol L -1 . The sensitivity increased up to 2.5 mmol L -1 . For higher levels of ferrozine concentration, the sensitivity remained constant, so the con- centration selected was 2.5 mmol L -1 . The [ferrozine-iron] complex also forms instantly with maximum absorption at 562 nm and produces magenta color.
The initial practical difficulties of bubble formation were overcome by filling the unused ports of the selection valve with the water carrier. Schlieren effects were observed in the signals obtained for the standard solution of 2 µg L -1 iron; however, they did not influence the peak height reading and can be minimized by using a reference wavelength for monitoring the refractive index changes during measurement. Best day-to-day performance of the LWCC was found when the flow cell was washed daily in counter current with a diluted HCl (0.05 M) solution.
Interference studies for both reagents-The interference of several ions on the determination of total Fe was tested. The tolerance level of error accepted was ±5% of the absorbance value of the standard (5.0 µg L -1 ) used in the study. The ions tested were Cd, Cu, Mn, Zn, and Al at levels of 5, 10, 20, 50, 500, and 1000 µg L -1 (Table 3) . For ferrozine reagent, the only major interference was from copper(II) at a level two times higher than iron. The copper(II) level in seawater is lower than Fe levels (Lide 1993 (Lide -1994 , so it is unlikely to interfere in the analysis of real samples. In the case of higher Cu levels, the addition of semicarbazide to the samples can remove this interference (Pascual-Reguera et al. 1997) . For 1,10-phenanthroline reagent, the major interferences found were from Mn, Cu, and Cd ions at levels 10 (manganese) and 100 (copper and cadmium) times higher than iron. Both Mn and Cd levels in seawater are lower than Fe levels (Lide 1993 (Lide -1994 .
The interference of NaCl in the determination of iron was also studied in the range of 0-35 g L -1 for both reagents. The deviations obtained for all concentrations studied and for both reagents were less than 5%, indicating that the salt present in seawater does not interfere with the determination and that the method is applicable to estuarine samples with variable salt concentrations.
Oxalate, cyanide, and nitrite also cause interference at high concentrations (Stookey 1970) . However, these ions are usually present in natural waters at trace levels and therefore their interferences are negligible (Zhang et al. 2001) .
Analytical figures of merit-The overall features obtained for both color reagents are summarized in Table 4 . The limit of detection (LOD) and limit of quantification (LOQ) were calculated as the concentration corresponding to three and 10 times the standard deviation of the blank, respectively, of 10 consecutive blank injections (IUPAC 1976) .
The linear ranges obtained for ferrozine and for 1,10-phenanthroline reagents were 0.15-20 and 0.35-20 µg L -1 , respectively. The LOD and LOQ were lower for ferrozine reagent than for 1,10-phenanthroline reagent. This was expected because of the higher sensitivity of ferrozine reagent for iron determination.
Application to water samples-The proposed method was applied to different types of water samples: seawater, well water, groundwater, and river water. Table 5 summarizes the results obtained in iron recovery tests with both reagents in groundwater, seawater, and well water. Additions of 2, 4, 10, and 20 µg L -1 Fe(III) were made. The recovery test results are good except those obtained for the addition of 2 µg L -1 iron, where the standard deviations are high. In the recovery tests of seawater samples, the results obtained show that seawater matrix does not seem to interfere with the determination of iron for either of the reagents.
The proposed SIA method with both color reagents was applied to several water samples. To assess the quality of the results, they were compared with the reference method (AAS). Table 6 summarizes the results. At low levels of iron, small absolute differences resulted in large relative errors between methods. The SIA ferrozine method is more sensitive and presented a lower standard deviation but also a lower tolerance to interference, as can also be verified in Table 3 . The results obtained by the SIA 1,10-phenanthroline method were very similar to the results obtained by reference methods.
For comparison purposes, a linear relationship (C SIA = C 0 + SC RF ) was established for both color reagents. The regression equation found for the determination of iron by ferrozine was C SIAferrozine = 1.01 (± 0.04) ⋅ C RF -0.511 (± 0.910) (n = 11, excluding the two well water samples with higher relative deviation). For the determination of iron by 1,10-phenanthroline the equation can be written as C SIA1,10-phenanthroline = 0.95 (± 0.03) ⋅ C RF + 0.615 (± 0.689) (n = 13). For both equations, the values in parenthesis are the limits of the 95% confidence intervals and R 2 = 0.997. From these values, it is clear that the calculated slope and intercept lie close to the values of 1 and 0, respectively. Therefore, it can be concluded that the two sets of results (Miller and Miller 1993) obtained by the proposed methodologies and reference procedure are in good agreement.
The proposed SIA method with both color reagents was also applied to certified reference standard SLRS-4 with certified value of 103 ± 5 µg L -1 ; the results obtained were 98.9 ± 0.7 µg L -1 and 104.7 ± 0.7 µg L -1 for the ferrozine and 1,10-phenanthroline methods, respectively. The results correspond to the average (n = 10) and the half width of the 95% confidence interval. The certified sample was diluted 10 times to fit in the linear range of both methods. The results obtained showed a good accuracy for both reagents.
Discussion
A comparison of figures of merit with different methods for the determination of iron is shown in Table 1 . The developed work offers some improvements such as low detection limits without any preconcentration step, thus providing high determination throughputs, low reagent consumption, and low effluent production. The LWCC flow cells present a reliable alternative for increasing the sensitivity of the spectrophotometric analytical procedures. Although the achieved detection limits are higher than those required for open-ocean iron monitoring, the scope of this work was on estuarine water monitoring, where the expected iron levels are higher. Another objective of the work was to compare 1,10-phenanthroline and ferrozine reagents in the determination of iron in different sources of water, using this automatic system. It should be emphasized that the sensitivity and extent of interferences depend on the flow systems, as it is in fact a kinetic determination. In these conditions, ferrozine reagent presents a higher sensitivity for iron as well as for copper as an interferent. The consumption per assay of ferrozine reagent is less than 1,10-phenanthroline reagent, although it is significantly more expensive. The two reagents are in the same safety class (WGK 3) in the material safety data sheet. The existing alternative spectrophotometric batch method for iron (Clesceri et al. 1998 ) is based on the 1,10-phenanthroline reagent; this method is not directly comparable to our method, as it is applicable only to samples with at least 10 µg/L iron, where the reagent consumption is typically 1000 times higher than that of our method. 
